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The littlest Higgs model with T-parity (LHT) has new flavor-changing (FC) couplings with the
Standard Model (SM) quarks, which do not suffer strong constraints from electroweak precision
data. So these FC interactions may enhance the cross sections of some flavor-changing neutral-
current (FCNC) processes. In this work, we study the FC top-charm associated productions via
e−γ collision at the ILC. We find that the cross sections are sensitive to the mirror quark masses.
With reasonable values of the parameters, the cross sections may reach the detectable level and
provide useful information about the relevant parameters in the LHT model, especially setting an
upper limit on the mirror quark masses.
PACS numbers: 14.65.Ha,12.60.-i, 12.15.Mm,13.85.Lg
I. INTRODUCTION
An interesting solution to the hierarchy problem of the Standard Model (SM) is the little Higgs theory
[1]. In this theory the Higgs boson is regarded as a pseudo-Goldstone boson (PGB) which can be naturally
”little” in the current reincarnation of the PGB idea called collective symmetry breaking. Through such a
collective symmetry breaking mechanism, the one loop quadratic divergences in the Higgs boson mass can
be avoided. The littlest Higgs model (LH) [2] is the most economical implementation of the little Higgs
idea, which, however, suffers strong constraints from electroweak precision data [3] due to the tree level
mixing of heavy and light mass eigenstates. So the LH model would require raising the mass scale and
thus reintroduce the fine-tuning in the Higgs potential [4]. To solve this problem, a Z2 discrete symmetry
called T-parity is introduced [5]. Under this T-parity the SM particles are even while most of the new
particles at the TeV scale are odd. T-parity explicitly forbids any tree-level contribution from the heavy
gauge bosons to the observables involving only SM particles as external states. Since in the LHT model
the corrections to the precision electroweak observables are generated at loop-level and suppressed, the
fine tuning can be avoided [6].
It is well known that the flavor-changing neutral-current (FCNC) interactions are absent at tree level
and extremely small at loop levels in the SM due to the GIM mechanism. However, in the LHT model,
the flavor-changing (FC) interactions between the SM fermions and the mirror fermions, which are pa-
rameterized by the newly CKM-like unitary mixing matrices, may have significant contributions to some
FC processes. So much attention was paid on the FC interactions in LHT model in recent years. Firstly,
the LHT flavor structure was analysed and some constraints on the mirror fermion mass spectrum was
obtained from an one-loop analysis of neutral meson mixing in the K,B and D systems [7]. Then an
extensive study of FC transitions in the LHT model was performed in [8–10], which considered all promi-
nent rare K and B decays and presented a collection of Feynman rules to the order of v2/f2. Motivated
by the experimental evidence of meson oscillations in the D-system, the impact of D0 − D¯0 mixing on
the LHT flavor structure was investigated in [11]. Furthermore, the LHT flavor study was extended to
the lepton flavor violating decays in [12].
The International Linear Collider(ILC) with the center of mass (c.m.) energy from 200 GeV to 1.0 TeV
and high luminosity has been proposed [13]. Due to its rather clean environment and high luminosity, the
ILC will be an ideal machine for probing new physics. In such a collider, in addition to e+e− collision,
we may also realize γγ or e−γ collision with the photon beams generated by the backward Compton
scattering of incident electron- and laser-beams [14]. In particular, as the heaviest fermion with a mass of
the order of the electroweak scale, the top quark is naturally regarded to be more sensitive to new physics
than other fermions. Therefore the top quark FCNC processes at the ILC would provide an important
test for new physics. This stimulates many attempts in probing new physics via rare top quark decays
[15] or FC production processes at ILC [16–26]. The FC couplings between the SM fermions and the
mirror fermions can also induce the loop-level tcV (V = γ, Z, g) couplings in the LHT model. Studies
[27–29] showed that some processes induced by such tcV couplings in the LHT model can be significantly
2enhanced. In this paper, we will study the process e−γ → e−tc¯ induced by the tcV couplings in the LHT
model and compare with the process e+e−(γγ) → tc¯ studied previously[28]. Note that these processes
have been studied thoroughly in other models, such as the MSSM [16, 17], the 2HDM[18, 19] and the
TC2 model[20–22], and also in the model-independent way [23–25]. They showed that the production
rates of such processes could be significantly enhanced by several orders compared to the SM predictions
[16, 30]. As found in other new physics models [16, 20], the process e−γ → e−tc¯ has a much larger rate
than e+e− → tc¯ for some part of the parameter space. In our study we will compare the LHT prediction
with those predicted by other new physics models. Such an analysis will help to distinguish different
models once the measurements are observed at the ILC.
This paper is organized as follows. In Sec.II, we briefly review the LHT model. In Sec.III, we present
the detailed calculations for the production processes. The numerical results of the production cross
sections and discussions are shown in Sec.IV. Our conclusions are listed in the last section.
II. THE LITTLEST HIGGS MODEL WITH T-PARITY
The LHT model[5] is based on a non-linear σ model describing an SU(5)/SO(5) symmetry breaking
with a locally gauged sub-group [SU(2) × U(1)]2. The SU(5) symmetry spontaneously breaks down to
SO(5) at the scale f ∼ O(TeV ). From the SU(5)/SO(5) breaking, there arise 14 Nambu-Goldstone
bosons which are described by the matrix Π, given explicitly by
Π =


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(1)
Here, H = (−iπ+√2, (v + h+ iπ0)/2)T is the SM Higgs doublet and Φ is a physical scalar triplet with
Φ =
(
−iφ++ −iφ+√
2
−iφ+√
2
−iφ0+φP√
2
)
(2)
In the LHT model, a T-parity discrete symmetry is introduced to make the model consistent with the
electroweak precision data. Under the T-parity, the fields Φ, ω and η are odd, and the SM Higgs doublet
H is even.
For the gauge subgroup [SU(2)×U(1)]2 of the global symmetry SU(5), from the first step of symmetry
breaking [SU(2) × U(1)]2 → SU(2)L × U(1)Y , which is identified as the SM electroweak gauge group,
the Goldstone bosons ω0, ω± and η are respectively eaten by the new T-odd gauge bosonsZH ,WH and
AH , which obtain masses at the order of O(v2/f2)
MZH ≡MWH = fg(1−
v2
8f2
), MAH =
fg′√
5
(1− 5v
2
8f2
), (3)
with g, g′ being the corresponding coupling constants of SU(2)L and U(1)Y .
From the second step of symmetry breaking SU(2)L×U(1)Y → U(1)em, the masses of the SM T-even
gauge bosons Z and W are generatec through eating the Goldstone bosons π0 and π±. They are given
at O(v2/f2) by
MWL =
gv
2
(1 − v
2
12f2
), MZL =
gv
2cosθW
(1− v
2
12f2
), MAL = 0. (4)
A consistent and phenomenologically viable implementation of T-parity in the fermion sector requires
the introduction of mirror fermions. The T-even fermion section consists of the SM quarks, leptons and
an additional heavy quark T+. The T-odd fermion sector consists of three generations of mirror quarks
3and leptons and an additional heavy quark T−. Only the mirror quarks (uiH , d
i
H) are involved in this
paper. The mirror fermions get masses
muHi =
√
2κif(1− v
2
8f2
) ≡ mHi(1−
v2
8f2
), (5)
mdHi =
√
2κif ≡ mHi ,
where the Yukawa couplings κi can in general depend on the fermion species i.
The mirror fermions induce a new flavor structure and there are four CKM-like unitary mixing matrices
in the mirror fermion sector:
VHu , VHd , VHl , VHν . (6)
These mirror mixing matrices are involved in the FC interactions between the SM fermions and the T-odd
mirror fermions which are mediated by the T-odd heavy gauge bosons or the Goldstone bosons. VHu and
VHd satisfy the relation
V †HuVHd = VCKM . (7)
We parameterize the VHd with three angles θ
d
12, θ
d
23, θ
d
13 and three phases δ
d
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d
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d
13
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d
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
 (8)
The matrix VHu is then determined through VHu = VHdV
†
CKM . As in the case of the CKM matrix the
angles θdij can all be made to lie in the first quadrant with 0 ≤ δd12, δd23, δd13 < 2π.
III. TOP-CHARM QUARK ASSOCIATED PRODUCTIONS IN THE LHT MODEL
In the LHT model, there are FC interactions between SM quarks and T-odd mirror quarks which are
mediated by the heavy T-odd gauge bosons or Goldstone bosons. With these FC couplings, the loop-level
FC couplings tc¯γ(Z) can be induced and the relevant Feynman diagrams are shown in Fig.1.
The effective one-loop level couplings tc¯γ(Z) can be directly calculated by the method introduced in
Ref.[31]. The relevant Feynman rules can be found in Ref.[9]. We list the explicit forms of Γµtc¯γ(pt, pc¯)
and Γµtc¯Z(pt, pc¯) in Appendix.
The FC couplings tc¯γ(Z) can contribute to the top-charm associated productions. Here we reconsider
the processes e+e− → tc¯ in e+e− collision and γγ → tc¯ in γγ collision which have been calculated in the
literature[28], since we had a mistake in the program calculation of them before. So we will no longer
present the relevant Feynman diagrams and the corresponding production amplitudes of the processes in
the following.
We also focus on the process e−γ → e−tc¯ in e−γ collision. The tc¯ production in e−γ collision pro-
ceeds through the process e−γ → e−γ∗(Z∗)γ → e−tc¯, where the γ-beam is generated by the backward
Compton scattering of incident electron- and laser-beam and the γ∗(Z∗) is radiated from e− beam. The
corresponding Feynman diagram is shown in Fig.2(A-E) and the invariant production amplitudes of the
process can be written as
MγA = −e2G(p1 + p2, 0)G(p3 + p4, 0)u¯e−(p5)γµ(/p1 + /p2)/ǫ(p2)ue−(p1)
×u¯t(p3)Γµtc¯γ(p3, p4)vc¯(p4), (9)
MZA =
eg
cos θW
G(p1 + p2)G(p3 + p4,MZ)u¯e−(p5)γµ[(−
1
2
+ sin2 θW )PL
+(sin2 θW )PR](/p1 + /p2)/ǫ(p2)ue−(p1)u¯t(p3)Γ
µ
tc¯Z(p3, p4)vc¯(p4), (10)
4MγB =
2e2
3
G(p1 − p5, 0)G(p2 − p4,mc)u¯e−(p5)γµue−(p1)
×u¯t(p3)Γµtc¯γ(p3, p4 − p2)(/p2 − /p4 +mc)/ǫ(p2)vc¯(p4), (11)
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2eg
3 cosθW
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1
2
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µ
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g2
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1
2
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+(sin2 θW )PR]ue−(p1)u¯t(p3)γ
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1
2
− 2
3
sin2 θW )PL − 2
3
(sin2 θW )PR]
×(/p2 − /p4 +mt)Γνtc¯γ(p2 − p4, p4)ǫν(p2)vc¯(p4), (14)
MγD =
2e2
3
G(p1 − p5, 0)G(p3 − p2,mt)u¯e−(p5)γµue−(p1)
×u¯t(p3)/ǫ(p2)(/p3 − /p2 +mt)Γµtc¯γ(p3 − p2, p4)vc¯(p4), (15)
MZD = −
2eg
3 cos θW
G(p1 − p5,MZ)G(p3 − p2,mt)u¯e−(p5)γµ[(−
1
2
+ sin2 θW )PL
+(sin2 θW )PR]ue−(p1)u¯t(p3)/ǫ(p2)(/p3 − /p2 +mt)Γµtc¯Z(p3 − p2, p4)vc¯(p4), (16)
MγE =
2e2
3
G(p1 − p5, 0)G(p3 − p2,mc)u¯e−(p5)γµue−(p1)
×u¯t(p3)Γνtc¯γ(p3, p2 − p3)ǫν(p2)(/p3 − /p2 +mc)γµvc¯(p4), (17)
MZE = −
g2
cos2 θW
G(p1 − p5,MZ)G(p3 − p2,mc)u¯e−(p5)γµ[(−
1
2
+ sin2 θW )PL
+(sin2 θW )PR]ue−(p1)u¯t(p3)Γ
ν
tc¯γ(p3, p2 − p3)ǫν(p2)(/p3 − /p2 +mc)γµ
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2
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3
sin2 θW )PL − 2
3
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where PL =
1
2 (1 − γ5) and PR = 12 (1 + γ5) are the left and right chirality projectors. p1, p2 are the
momenta of the incoming e−, γ, and p3, p4, p5 are the momenta of the outgoing final states top quark,
anti-charm quark and electron, respectively. We also define G(p,m) as 1p2−m2 .
With the above amplitudes, we can directly obtain the production cross section σˆ(sˆ) for the subprocess
e−γ → e−tc¯ and the total cross sections at the e+e− linear collider can be obtained by folding σˆ(sˆ) with
the photon distribution function F (x) [32]:
σe−γ→e−tc¯(se+e−) =
∫ xmax
(mt+mc)2/se+e−
dxF (x)σˆ(sˆ) (19)
5where s is the c.m. energy squared for e+e−. The subprocess occurs effectively at sˆ = xs, and x is the
fractions of the electron energies carried by the photons. The explicit form of the photon distribution
function F (x) is
F (x) =
1
D(ξ)
[
1− x+ 1
1− x −
4x
ξ(1− x) +
4x2
ξ2(1− x)2
]
, (20)
with
D(ξ) =
(
1− 4
ξ
− 8
ξ2
)
ln(1 + ξ) +
1
2
+
8
ξ
− 1
2(1 + ξ)2
, (21)
and
ξ =
4E0ω0
m2e
. (22)
E0 and ω0 are the incident electron and laser light energies, and x = ω/E0. The energy ω of the scattered
photon depends on its angle θ with respect to the incident electron beam and is given by
ω =
E0(
ξ
1+ξ )
1 + ( θθ0 )
2
. (23)
Therefore, at θ = 0, ω = E0ξ/(1 + ξ) = ωmax is the maximum energy of the backscattered photon, and
xmax =
ωmax
E0
= ξ1+ξ .
To avoid unwanted e+e− pair production from the collision between the incident and back-scattered
photons, we should not choose too large ω0. The threshold for e
+e− pair creation is ωmaxω0 > m2e, so
we require ωmaxω0 ≤ m2e. Solving ωmaxω0 = m2e, we find
ξ = 2(1 +
√
2) = 4.8. (24)
For the choice ξ = 4.8, we obtain xmax = 0.83 and D(ξmax) = 1.8.
In the above we have ignored the possible polarization for the photon and electron beams and we also
assume that the number of the backscattered photons produced per electron is one.
IV. THE NUMERICAL RESULTS AND DISCUSSIONS
In our numerical calculations, the charge conjugate t¯c production channel has also been included. To
obtain the numerical results, we take the SM parameters as mt =171.2 GeV, mc =1.25 GeV, s
2
W =0.231,
MZ =91.2 GeV, αe = 1/128. Moreover, the LHT model has several free parameters which are related
to our study. They are the breaking scale f , 6 parameters(θd12, θ
d
13, θ
d
23, δ
d
12, δ
d
13, δ
d
23) in the mixing
matrix VHu and VHd , and the masses of the mirror quarks. For the mirror quark masses, we get m
u
Hi
=
mdHi = mHi(i = 1, 2, 3) at O(v/f) from Eq.(13). For the matrices VHu and VHd , considering the regions
of parameter space that only loosely constraint the mass spectrum of the mirror fermions[7], we choose
two scenarios as in Ref.[28].
Case I: VHd = 1, VHu = V
†
CKM ,
Case II: sd23 = 1/
√
2, sd12 = s
d
13 = 0, δ
d
12 = δ
d
23 = δ
d
13 = 0.
In both cases, the constraints on the mass spectrum of the mirror fermions are very relaxed. On the
other hand, Ref.[33] has shown that the experimental bounds on four-fermi interactions involving SM
fields provide an upper bound on the mirror fermion masses and this yields mHi ≤ 4.8f2. We also
consider such constraint in our calculation. For the breaking scale f , we take two typical values: 500
GeV and 1000 GeV.
For the c.m. energies of the ILC, we choose
√
s = 500, 1000 GeV as examples. Taking account of
the detector acceptance, we have taken the basic cuts on the transverse momentum(pT ) and the pseudo-
rapidity(η) for the final state particles
pT ≥ 20GeV, |η| ≤ 2.5.
6The numerical results of the cross sections are summarized in Figs.3-5. Figs.3 and 4 show the cross
sections of the processes e+e−(γγ) → tc¯ and e−γ → e−tc¯ as a function of mH3 for Case I and Case II,
respectively.
In Case I, due to the absence of the mixing in the down type gauge and Goldstone boson interactions,
there are no constraints on the masses of the mirror quarks at one loop-level from the K and B systems
and the constraints come only from the D system. The constraints on the mass of the third generation
mirror quark are very weak. Considering the constraint mHi ≤ 4.8f2, we take mH3 to vary in the range
of 500-1200 GeV for f=500 GeV and 500-4800 GeV for f=1000 GeV, and fix mH1 = mH2=500 GeV.
As shown in Fig.3, the cross sections of the three different production processes rise with the increase
of mH3 . The reason is that the couplings between the mirror quarks and the SM quarks are proportional
to the masses of the mirror quarks. The masses of the heavy gauge bosons and the mirror quarks, MVH
and mHi , are proportional to f , but the scale f is insensitive to the cross sections of these processes
because the production amplitudes are represented in the form of mHi/MVH which cancels the effect of
f . For the case of
√
s = 1000 GeV, our calculations show this case has the slightly larger effects relative
to the case of
√
s = 500 GeV.
For Case II, the dependence of the cross sections on mH3 is presented in Fig.4. In this case, the
constraints from the K and B systems are also very weak. Compared to Case I, the mixing between
the second and third generations is enhanced with the choice of a bigger mixing angle sd23. Here, we
take the same values of
√
s, f and mHi as in Case I. Even with stricter constraints on the masses of the
mirror quarks, the large masses of the mirror quarks can also enhance the cross sections significantly.
The dependence of the cross sections on the c.m. energy is similar to that in Case I.
Among the three processes from Case I and case II, we find that the cross section of process γγ → tc¯
is the largest with
√
s, f = 1000 GeV and heavy mirror quarks. The optimum value of σ(γγ → tc¯) can
reach O(100) fb. On the other hand, the maximal value of cross section for process e−γ → e−tc¯ can reach
0.7 fb, which is higher than that in some models such as MSSM model and type III two Higgs doublet
models , but lower than that in TC2 model[20].
In Fig.5 we show the behavior of the cross sections for γγ → tc¯, e−γ → e−tc¯ and e+e− → tc¯ versus
the collider energy for two Cases. We see that the cross section of e+e− → tc¯ drops quickly with the
increase of collider energy. This is because that the contributions of the LHT model come from s-channel,
so the large c.m. energy
√
s depresses the cross section. However, for the process γγ → tc¯, there is only
t-channel contributions, so the large c.m. energy can enhance the cross section.
In practice, if we assume conservatively that the signal is reduced to 10% to eliminate backgrounds,
we may expect that the production γγ → tc¯ as large as 5fb may be accessible at the ILC at the 3σ
level. According to the ILC Reference Design Report [13], the total luminosity is required to be around
500fb−1 within the first four years and about 1000fb−1 during the first phase of operation. It means that
the increment of mirror quark masses can sharply enhance the cross sections of γγ → tc¯ and e−γ → e−tc¯
to the accessible level at the ILC. On the other hand, the precise measurement of the cross sections can
certainly provide some information about mirror quark masses.
Now we discuss the potential to distinguish the different new physics models via the top-charm pro-
duction at the ILC. The maximal values of the cross sections of the processes γγ → tc¯, e−γ → e−tc¯ and
e+e− → tc¯ in various models are shown in Table 1.
Table 1: The maximal values of the cross sections of the processes
γγ → tc¯, e−γ → e−tc¯ and e+e− → tc¯ in various models (in fb)
SM 2HDM-III MSSM TC2 LHT
γγ → tc¯ O(10−8)[16] O(10−1) [19] O(10−1)[16] O(10)[20] O(100)
e−γ → e−tc¯ O(10−9)[16] O(10−2) [20] O(10−2)[16] O(1)[20] O(10−1)
e+e− → tc¯ O(10−10)[30] O(10−3)[18] O(10−2)[16] O(10−1)[21] O(10−2)
From Table 1 we see that the new physics models can enhance the SM rates of the FCNC top-charm
production processes by several orders because the tree-level FCNC is absent in the SM. The relation
of the cross section is σ(γγ → tc¯) > σ(e−γ → e−tc¯) > σ(e+e− → tc¯) in every new physics model. Due
to the different values of the cross sections, so the top-charm production also provides a good way to
distinguish the LHT model from other new physics models.
7V. CONCLUSION
We studied the top-charm associated productions via e+e−, e−γ and γγ collisions in the framework of
the LHT model at the ILC. The numerical results showed that the cross sections of the processes increase
sharply as the mirror quark masses increase, and in a large part of the allowed parameter space, the cross
sections of γγ → tc¯ and e−γ → e−tc¯ may reach the detectable level at the ILC. If these processes can
be observed, some information about the FC couplings can be obtained in order to distinguish the LHT
model from other new physics. If these FC processes are not to be observed, the upper limit on mirror
quark masses can then be given.
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9Appendix: The explicit expressions of the effective tc¯γ(Z) couplings
The effective tc¯γ(Z) couplings Γµtc¯γ , Γ
µ
tc¯Z can be directly calculated based on Fig.1, and they can be
represented in form of 2-point and 3-point standard functions B0, B1, Cij . In our calculations, the higher
order v2/f2 terms in the masses of new gauge bosons and in the Feynman rules are ignored. Γµtc¯γ , Γ
µ
tc¯Z
depend on the momenta of top quark and anti-charm quark(pt, pc¯). Here pt and pc¯ are both outgoing
momenta. The explicit expressions of them are
Γµtc¯γ(pt, pc¯) = Γ
µ
tc¯γ(η
0) + Γµtc¯γ(ω
0) + Γµtc¯γ(ω
±) + Γµtc¯γ(AH) + Γ
µ
tc¯γ(ZH) + Γ
µ
tc¯γ(W
±
H )
+Γµtc¯γ(W
±
Hω
±),
Γµtc¯γ(η
0) =
i
16π2
eg′2
150M2AH
(VHu)
∗
it(VHu)ic(A+B + C)
A =
1
p2t −m2c
[m2Hi(m
2
cB
a
0 + p
2
tB
a
1 )γ
µPL +mtmc(m
2
HiB
a
0 + p
2
tB
a
1 )γ
µPR
+mt(m
2
HiB
a
0 +m
2
cB
a
1 )/ptγ
µPL +mcm
2
Hi(B
a
0 +B
a
1 )/ptγ
µPR]
B =
1
p2c¯ −m2t
[m2Hi(m
2
tB
b
0 + p
2
c¯B
b
1)γ
µPL +mtmc(m
2
HiB
b
0 + p
2
c¯B
b
1)γ
µPR
−mtm2Hi(Bb0 +Bb1)γµ/pc¯PL −mc(m2HiBb0 +m2tBb1)γµ/pc¯PR]
C = m2Hi[−γαγµγβCaαβ + γαγµ(/pt + /pc¯)Caα + 2mtCaµ
−mtγµ(/pt + /pc¯)Ca0 −m2HiγµCa0 ]PL
+mc[−mtγαγµγβCaαβ +mtγαγµ(/pt + /pc¯)Caα + 2m2HiCaµ
−m2Hiγµ(/pt + /pc¯)Ca0 −mtm2HiγµCa0 ]PR,
Γµtc¯γ(ω
0) =
i
16π2
eg2
6M2ZH
(VHu)
∗
it(VHu)ic(D + E + F )
D = A(Ba0 → Bc0, Ba1 → Bc1),
E = B(Bb0 → Bd0 , Bb1 → Bd1 ),
F = C(Caαβ → Cbαβ , Caα → Cbα, Ca0 → Cb0),
Γµtc¯γ(ω
±) =
i
16π2
eg2
2M2WH
(VHu)
∗
it(VHu)ic(
2
3
G+
2
3
H − 1
3
I + J)
G = A(Ba0 → Be0 , Ba1 → Be1),
H = B(Bb0 → Bf0 , Bb1 → Bf1 ),
I = C(Caαβ → Ccαβ , Caα → Ccα, Ca0 → Cc0),
J = m2Hi[2γ
αCdµα − 2(mt − /pt)Cdµ + (Pt + Pc¯)µγαCdα
−(Pt + Pc¯)µ(mt − /pt)Cd0 ]PL
+mc[2mtγ
αCdµα − 2(m2Hi −mt/pt)Cdµ +mt(Pt + Pc¯)µγαCdα
−(Pt + Pc¯)µ(m2Hi −mt/pt)Cd0 ]PR,
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Γµtc¯γ(AH) =
i
16π2
eg′2
75
(VHu)
∗
it(VHu)ic(K + L+M)
K =
1
p2t −m2c
[p2tB
a
1γ
µPL +mcB
a
1 /ptγ
µPR]
L =
1
p2c¯ −m2t
[p2c¯B
b
1γ
µPL −mtBb1γµ/pc¯PL]
M = [−γαγµγβCaαβ + (/pt + /pc¯)γµγαCaα −m2HiγµCa0 ]PL,
Γµtc¯γ(ZH) =
i
16π2
eg2
3
(VHu)
∗
it(VHu)ic(N +O + P )
N = K(Ba1 → Bc1),
O = L(Bb1 → Bd1 ),
P =M(Caαβ → Cbαβ , Caα → Cbα, Ca0 → Cb0),
Γµtc¯γ(W
±
H ) =
i
16π2
eg2
2
(VHu)
∗
it(VHu)ic(
4
3
Q+
4
3
R− 2
3
S − T )
Q = K(Ba1 → Be1),
R = L(Bb1 → Bf1 ),
S =M(Caαβ → Ccαβ , Caα → Ccα, Ca0 → Cc0)
T = {4γαCdµα + [γµ/ptγα − γµγα/pt + 2/ptγαγµ + γα/ptγµ − γµγα/pc¯
+2/pc¯γ
αγµ + 2(pt + pc¯)
µγα]Cdα + 4/ptC
d
µ + 2(B
g
0 +m
2
WHC
d
0 )γ
µ
+[2/pc¯/ptγ
µ − γµ/pt/pc¯ + 2/pt(pt + pc¯)µ + p2tγµ]Cd0}PL,
Γµtc¯γ(W
±
Hω
±) =
i
16π2
eg2
2
(VHu)
∗
it(VHu)ic
×{[mt/ptCd0 +mtγαCdα − 2m2HiCd0 ]γµPL +mc[γµ/ptCd0 + γµγαCdα]PR},
Γµtc¯Z(pt, pc¯) = Γ
µ
tc¯Z(η
0) + Γµtc¯Z(ω
0) + Γµtc¯Z(ω
±) + Γµtc¯Z(AH) + Γ
µ
tc¯Z(ZH) + Γ
µ
tc¯Z(W
±
H )
+Γµtc¯Z(W
±
Hω
±),
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Γµtc¯Z(η
0) =
i
16π2
g
cos θW
g′2
100M2AH
(VHu)
∗
it(VHu)ic(A
′ +B′ + C′)
A′ =
1
p2t −m2c
[(
1
2
− 2
3
sin2 θW )m
2
Hi(m
2
cB
a
0 + p
2
tB
a
1 )γ
µPL
−2
3
sin2 θWmtmc(m
2
HiB
a
0 + p
2
tB
a
1 )γ
µPR
+(
1
2
− 2
3
sin2 θW )mt(m
2
HiB
a
0 +m
2
cB
a
1 )/ptγ
µPL
−2
3
sin2 θWmcm
2
Hi(B
a
0 +B
a
1 )/ptγ
µPR]
B′ =
1
p2c¯ −m2t
[(
1
2
− 2
3
sin2 θW )m
2
Hi(m
2
tB
b
0 + p
2
c¯B
b
1)γ
µPL
−2
3
sin2 θWmtmc(m
2
HiB
b
0 + p
2
c¯B
b
1)γ
µPR
+
2
3
sin2 θWmtm
2
Hi(B
b
0 +B
b
1)γ
µ/pc¯PL
−(1
2
− 2
3
sin2 θW )mc(m
2
HiB
b
0 +m
2
tB
b
1)γ
µ/pc¯PR]
C′ = (
1
2
− 2
3
sin2 θW )C,
Γµtc¯Z(ω
0) =
i
16π2
g
cos θW
g2
4M2ZH
(VHu)
∗
it(VHu)ic(D
′ + E′ + F ′)
D′ = A′(Ba0 → Bc0, Ba1 → Bc1),
E′ = B′(Bb0 → Bd0 , Bb1 → Bd1 ),
F ′ = C′(Caαβ → Cbαβ , Caα → Cbα, Ca0 → Cb0),
Γµtc¯Z(ω
±) =
i
16π2
g
cos θW
g2
2M2WH
(VHu)
∗
it(VHu)ic(G
′ +H ′ + I ′ + J ′)
G′ = A′(Ba0 → Be0, Ba1 → Be1),
H ′ = B′(Bb0 → Bf0 , Bb1 → Bf1 ),
I ′ = (−1
2
+
1
3
sin2 θW )I,
J ′ = cos2θWJ,
Γµtc¯Z(AH) =
i
16π2
g
cos θW
g′2
50
(VHu)
∗
it(VHu)ic(K
′ + L′ +M ′)
K ′ =
1
p2t −m2c
[(
1
2
− 2
3
sin2 θW )p
2
tB
a
1γ
µPL − 2
3
sin2 θWmcB
a
1 /ptγ
µPR]
L′ =
1
p2c¯ −m2t
[(
1
2
− 2
3
sin2 θW )p
2
c¯B
b
1γ
µPL +
2
3
sin2 θWmtB
b
1γ
µ/pc¯PL]
M ′ = (
1
2
− 2
3
sin2 θW )[−γαγµγβCaαβ + (/pt + /pc¯)γµγαCaα −m2HiCa0 γµ]PL,
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Γµtc¯Z(ZH) =
i
16π2
g
cos θW
g2
2
(VHu)
∗
it(VHu)ic(N
′ +O′ + P ′)
N ′ = K ′(Ba1 → Bc1),
O′ = L′(Bb1 → Bd1 ),
P ′ =M ′(Caαβ → Cbαβ , Caα → Cbα, Ca0 → Cb0),
Γµtc¯Z(W
±
H ) =
i
16π2
g
cos θW
g2(VHu)
∗
it(VHu)ic(Q
′ +R′ + S′ + T ′)
Q′ = K ′(Ba1 → Be1),
R′ = L′(Bb1 → Bf1 ),
S′ = (−1
2
+
1
3
sin2 θW )S,
T ′ = −1
2
cos2 θWT,
Γµtc¯Z(W
±
Hω
±) =
i
16π2
g cos θW
g2
2
(VHu)
∗
it(VHu)ic
×{[mt/ptCd0 +mtγαCdα − 2m2HiCd0 ]γµPL +mc[γµ/ptCd0 + γµγαCdα]PR}.
For the two-point and three-point standard loop functions B0, B1, C0, Cij in the above expressions are
defined as
Ba = Ba(−pt,mHi,MAH ), Bb = Bb(−pc¯,MHi,MAH ),
Bc = Bc(−pt,mHi,MZH ), Bd = Bd(−pc¯,MHi,MZH ),
Be = Be(−pt,mHi,MWH ), Bf = Bf (−pc¯,MHi,MWH ),
Bg = Bg(pc¯,MHi,MWH ),
Caij = C
a
ij(−pt,−pc¯,mHi,MAH ,mHi),
Cbij = C
b
ij(−pt,−pc¯,mHi,MZH ,mHi),
Ccij = C
c
ij(−pt,−pc¯,mHi,MWH ,mHi),
Cdij = C
d
ij(pt, pc¯,MWH ,mHi,MWH ).
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FIG. 1: One-loop contributions of the LHT model to the couplings tc¯γ(Z).
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FIG. 2: The Feynman diagrams for e−γ → e−tc¯ in the LHT model.
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FIG. 3: The cross sections of top-charm associated production processes versus mH3 in the LHT model for Case
I.
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FIG. 4: The cross sections of top-charm associated production processes versus mH3 in the LHT model for Case
II.
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FIG. 5: Cross sections versus collider energy Ecm =
√
see in the LHT model. The left diagram is for Case I and
the right diagram is for Case II.
